We probe the properties of the transient X-ray pulsar MAXI J1409-619 through RXTE and SWIFT follow up observations of the outburst in 2010. We are able to phase connect the pulse arrival times for the 25 days episode during the outburst. We suggest that either an orbital model (with P or b ≃ 14.9(7)) or a noise process due to random torque fluctuations (with S r ≈ 1.3 × 10 −18 Hz s −2 ) is plausible to describe the residuals from our timing solution. The frequency derivatives indicate a positive torque-luminosity correlation, implying a temporary accretion disc formation during the outburst. Utilizing standard accretion disc theory, we estimate the dipolar magnetic field strength as ≈ 2.9×10 11 Gauss and the inner disc radius as about 4.8×10 8 cm. We also discover several quasi-periodic oscillations (QPOs) with their harmonics whose centroid frequencies decrease as the source flux decays. Assuming QPO frequencies match with Keplerian frequencies at the inner disc, we obtain compatible inner radius and dipolar magnetic field strength values deduced from torque-luminosity relation.
INTRODUCTION
MAXI J1409-619 is a transient pulsar in a high mass X-ray binary (HMXB) system which was discovered by the Gas Slit Camera (GSC), being one of the detectors of the Monitor of All-sky X-ray Image (MAXI) experiment, on 2010 October 17, with a (41±7) mCrab peak flux in 4-10 keV (Yamaoka et al. 2010) . Using Neil Gehrels Swift Observatory's (SWIFT) X-ray Telescope (XRT) observations, Kennea et al. (2010a) reported the source location as RA = 14 h 08 m 02.56 s , Dec. = -61 • 59 ′ 00.3 ′′ in J2000 coordinates, but no optical counterpart could be found. On 2010 November 30, when MAXI J1409-619 underwent an outburst becoming ∼7 times brighter compared to its inital observations, SWIFT Burst Alert Telescope (BAT) was triggered to observe the source, revealing a 503±10 s periodicity with 42% sinusoidal peak-to-through modulation (Kennea et al. 2010b ). Routine MAXI/GSC observations indicated that the source was brightened significantly between 2010 November 25-December 3 (Ueno et al. 2010) . Utilizing the FERMI Gamma-ray Burst Monitor (GBM) observations on 2010 December 2-3; the source period was refined as 506.93(5)s, the frequency derivative of ν = 1.66(14)×10 −11 Hz/s was found and the double-peaked nature of the pulse profile was revealed (Camero-Arranz et al. 2010) . The spectra obtained from the Rossi X-ray Timing Explorer (RXTE) -Proportional Counter Array (PCA) observations were modelled by a cut-off power law with with either partially covered absorption or reflection and a narrow iron line in both cases, with no sign of cyclotron absorption. In both models, the photon index was found to be Γ ≈ 1.3 (Yamamoto et al. 2010) . Kaur et al. (2010) announced the detection of a QPO at 0.192±0.006 Hz with 2 harmonics, using a total of 20 ks of observations of 2010 December 11. From archival observations of BeppoSAX, The Advanced Satellite for Cosmology and Astrophysics (ASCA), INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL), it was inferred that MAXI J 1409-619 was in a low state during the observations prior to its discovery (Sguera et al. 2010; Orlandini et al. 2012) .
In this paper, we will present results of comprehensive timing and spectral analysis of MAXI J1409-619, using the observations of RXTE and Swift observatories. In Section 2, we give a brief ⋆ E-mail: cagatay.donmez@metu.edu.tr † E-mail: inam@baskent.edu.tr ‡ E-mail: altan@astroa.physics.metu.edu.tr MAXI J1409-619 3 information about the observations and data reduction. In Section 3, we present our timing and spectral analysis. In Section 4, we summarize and discuss our results. (Jahoda et al. 1996) .
Each PCU was able to detect up to 20 000 cts s −1 (Jahoda et al. 2006 
SWIFT-XRT
SWIFT is a multi-wavelength space observatory, launched on 2004 November 20. SWIFT is mainly used for gamma-ray burst monitoring, yet it also proved its effectiveness in X-ray astronomy through onboard 3.5-meter X-ray telescope XRT operating in 0.2-10 keV energy range. XRT has a 110 cm 2 effective area and 18 arcsec half-power diameter resolution (Gehrels et al. 2004 ).
SWIFT-XRT made 32 observations of MAXI J1409-619 between 2010 October 20 and 2011 January 28. Of these observations, 13 of them are conducted in photon counting (PC) mode, 17 of them in window timing (WT) mode and 2 of them utilizes both modes. WT mode has 1.8 ms high timing resolution but keeps only one dimensional imaging data, whereas PC mode retains full spectroscopy and 600×602 pixels imaging information but with only 2.5 s timing resolution (Burrows et al. 2005) . Our analysis utilize the PC mode observations, each of which spans ∼1-2 ks, leading to a total exposure of 19.3 ks.
Data Reduction
Data reduction was conducted using H 6.22.1. Raw SWIFT-XRT data are reprocessed by the standard pipeline tool 0.13.4. Then, the source counts are selected with a 20 pixel radius circle. Background subtraction and pile-up corrections are performed. Afterwards, Solar System barycentre corrections are applied to the data. First 30 channels of XRT data, corresponding to <0.3 keV are marked "bad" as XRT is not considered reliable below this energy range. The spectra are rebinned through GRPPHA in such a way that there are at least 20 counts per bin.
In order to process RXTE PCA data, good time intervals are selected. In reference to the source count rates, Epoch 5C background models obtained provided by the RXTE Guest Observer Facility are used for background spectra and lightcurve which is created with 0.125 s bin size. Lightcurve count rates are corrected to total number of active PCUs and Solar System barycentric correction is applied. Only PCU 2 data are used for spectral analysis. The energy range used for spectral analysis is 3-25 keV, and 0.5% systematic error is applied to long and combined observations.
DATA ANALYSIS

Timing Analysis
Pulse Timing, Timing Solution and Torque Noise
In the timing analysis, we use background subtracted and Solar System barycenter corrected 0.125 s binned RXTE−PCA lightcurve of the source. In order to represent the long term evolution of the source count rates, the 1-day binned lightcurve is shown in Figure 1 .
We fold the resulting lightcurve at frequencies measured through FERMI GBM pulsar project 1 . We also search for the best frequencies by using statistically independent trial frequencies (Leahy et al. 1983 ). Our search of best frequencies is consistent with the pulse frequencies provided by FERMI GBM pulsar project team. We construct the pulse profiles with 20 phase bins and crosscorrelate each with the template pulse. In the cross correlation analysis, we use the harmonic representation of pulses (Deeter & Boynton (1985) , see also İçdem et al. (2012) for applications).
We are able to phase connect all pulse arrival times during the outburst. We fitted pulse arrival times to the cubic polynomial, where δφ is the pulse phase offset found from the pulse timing analysis, t o is the epoch for folding;
δφ o is the residual phase offset at t o ; δν is the correction to the pulse frequency at time t 0 ; ν, is the first time derivative of pulse frequency, ν is the second time derivative of pulse frequency. In Fig. 2 , we present the pulse phases and the residuals of the pulse arrival times after the removal of a cubic polynomial. It should be noted that during the outburst, luminosity (or mass accretion rate) is increasing in time, so pulse frequency derivative is affected accordingly. Therefore cubic polynomial fitting to the pulse arrival times describes pulse arrival times beter than a quadratic fitting.
The residuals after cubic polynomial fit in Fig. 2 is well fitted to the circular orbital model with a period of 14.9(7) days. The orbital model has decreased reduced χ 2 from ∼ 35 to χ 2 ∼ 1 . The timing and possible orbital parameters obtained by the models are listed in Table 1 . Using these orbital parameters, the mass function of the system can be deduced as;
which indicates that MAXI J1409-619 should have a small inclination angle. The residuals of the cubic polynomial fit can alternatively be expressed as the noise process due to random torque fluctuations (Bildsten et al. 1997; Baykal et al. 2007 ). We estimate the noise strength by using the root mean square (rms) residuals of cubic polynomial fit (Cordes 1980; Deeter 1984) . In general, for the r th -order red noise (or r th order integral of white noise) with strength S r , the mean square residual for data spanning an interval with length T is proportional to S r T 2r−1 .
The expected mean square residual, after removing a polynomial of degree m over an interval of length T, is given by
where the < σ 2 R (m, 1) > u is the normalization constant which can be estimated by measuring the variance of residuals by removing the degree of polynomial m for unit noise strength S( r ). We use m=3 for cubic polynomial and r=2 for second order red noise in pulse arrival times (or pulse phases) which corresponds to first order red noise (or random walk) in pulse frequency. We estimate the noise process (r = 2), for a unit noise strength S(r = 2). Our expected normalization constants are consistent with those obtained by direct mathematical evaluation (Deeter 1984; Cordes 1980) . Torque fluctuations and the noise of accretion powered pulsars have been studied for several sources (Baykal & Oegelman 1993; Bildsten et al. 1997 ). The torque noise strength is obtained for MAXI J1409-619 as 1.3 × 10 −18 Hz s −2 . This value of the noise strength estimate is on the same order with those of other accretion powered sources such as wind accretors e.g. Vela X−1, 4U 1538−52 and GX 301−2 with the values changing between 10 −20 and 10 −18 Hz s −2 (Bildsten et al. 1997 ). Her X−1 and 4U 1626−67, which are disc accretors with low mass companions, have shown pulse frequency derivatives consistent with noise strengths 10 −21 to 10 −18 Hz sec −2 (Bildsten et al. 1997 ). Therefore the residuals of the cubic polynomial fit can also be associated with torque noise fluctuation of the source. 
Parameter Value
Epoch (Days in MJD) 55540.0150 (6) ν (10 −3 Hz) 1.98287 (4) ν (10 −11 Hz s −1 1.599 (9) ν (10 −18 Hz s −2 -6.4(8) Orbital Period (Days) 14.7(4) a/c sin i (s) 25.7(5) Orbital Epoch (Days in MJD) 55547.5375(6)
Torque-luminosity correlations
Using RXTE-PCA observations between MJD 55531 and MJD 55575 corresponding to the high luminosity region of the lightcurve, for which a temporary accretion disc formation is plausible, we investigate the relation between torque and X-ray luminosity of the source using pulse frequency derivative and count rate measurements each corresponding to two-day long intervals.
If the source accretes via an accretion disc, the standart accretion disc theory (Ghosh & Lamb 1979; Wang 1987; Ghosh 1994; Li & Wickramasinghe 1998; Dai & Li 2006 ) suggests a relation between total external torque exerted on the neutron star and the bolometric luminosity of the source. For this case, radius of inner edge of the accretion disc gets (r 0 ) smaller as the accretion rate ( M) increases and can be approximated as (Pringle & Rees 1972; Lamb et al. 1973) ,
where µ is the magnetic moment of the neutron star (µ ≃ BR 3 , B is the surface magnetic field and R is the radius of the neutron star), G is the universal gravitational constant, M is the mass of the neutron star and K is a dimensionless parameter of the order of unity.
Total external torque estimate due to accretion can then be expressed as (Ghosh & Lamb 1979) ,
where l K = (GMr 0 ) 1/2 is the angular momentum per unit mass added by the disc to the neutron star at radius r 0 and I is the moment of inertia of the neutron star. In this equation, n(ω s ), called "dimensionless torque", is approximately given by
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In the above equation, ω s is the fastness parameter, which is equal to the ratio of the spin frequency of the neutron star to the Keplerian frequency at r 0 radius which can further be expressed as
and ω c is the critical fastness parameter with a value of ∼ 0.35.
Due to the release of gravitational potential energy of the accreted material, X-ray emission with a luminosity of
occurs at the neutron star surface. In this equation, η is a dimensionless efficiency factor typically close to and smaller than unity. Using Eqns. 4, 5 and 8, the relation between spin frequency derivative and X-ray luminosity can be written as,
Eqn. 9 indicates a linear relationship between frequency derivative and 6/7th power of luminosity in cases of the presence of strong material torques giving rise to a positive dimensionless torque magnitude of which is close to unity. In Fig. 4 , it is evident that count rate is directly proportional to the 6/7th power of X-ray count rate which is an indication of the relation between frequency derivative and 6/7th power of luminosity with the assumption that luminosity from 2-60 keV should correspond to most of the X-ray emission from this source.
The slope of a linear fit of Fig. 4 is found to be 1.07 × 10 −13 (Hz/s)(counts/s) −6/7 . Using Eqns. 4 -9 and assuming a distance of 15 kpc (Orlandini et al. 2012 ), this slope corresponds to an r 0 , n(ω s ) and surface magnetic field strengths of 4.83 × 10 8 cm, 1.37 and 2.87 × 10 11 Gauss respectively.
QPOs
We detected QPOs at 0.1-0.2 Hz range, and harmonic features of QPOs in the power spectra of MAXI J1409-619, which evolve over time. We perform our QPO analysis using our Python code. The continuum of the power spectra is represented by a smoothly broken power law mode, which is defined as
where A is the amplitude, x is the frequency, x b is the break frequency, α 1 and α 2 are the power law
indices at frequency f < x b and f > x b , respectively, and ∆ is the smoothness parameter 2 . The QPOs are seen as excess peaks in the continuum and can be modeled as Lorentzian components added to the base continuum model. The additive Lorentzian component is defined as
where x is the frequency, l n is the line normalization parameter, l c is the center frequency of the line, and l w is the line width 3 . Appearing harmonic peaks of QPO frequency are modeled with additional Lorentzian components. Our Python code resolves the optimal parameters for the fit and returns the error range of the parameters within 1σ level.
The significance of the QPO features are calculated by normalizing the power spectrum by dividing by modeled continuum and multiplying the result by 2 (van der Klis 1988). The resulting power spectrum would be consistent with a χ 2 distribution for 2 × 4 × 9 = 72 degrees of freedom (dof). As an example, an excess power of 4 corresponds to a total power of 4 × 4 × 9 = 144, and the probability of having a false signal is calculated as Q(144|72) = 1.01 × 10 −6 . We have 252 frequencies in each power spectra, therefore the total probability of having a false signal is calculated as 252 × 1.01 × 10 −6 = 2.53 × 10 −4 , which corresponds to 3.66σ level of detection. We selected QPOs and their harmonics with more than 3σ significance, seen at Figure 6. One example of a power spectra fit and corresponding QPOs is shown in Figure 5 . QPOs are detected only at the first half of the outburst stage in 2010 December. QPO amplitudes fluctuate substantially over time, and occasionally, QPO features disappear altogether in power spectra. QPO harmonics seem to appear for the most cases, found around double the centroid frequency of the main QPO features, though many of these harmonics are not statistically significant.
Another notable result is that the QPO centroid frequencies decrease consistently over time.
The first QPOs are detected around 0.2 Hz; however, as the outburst flux decays, QPO centroid frequencies decrease down to 0.1 Hz (see Figure 6 ). As the source flux consistently decreases over time in the time period where the QPOs are detected, we can conclude that QPO centroid frequencies decrease linearly with flux.
Pulsed fractions
Using RXTE-PCA lightcurve, we calculate pulsed fraction of the source for each observation. In order to figure out the flux dependence of pulsed fraction of the source, we plot these measurements as a function of RXTE-PCA count rate of the source in Fig. 7 .
Spectral Analysis
Time-resolved spectra
Swift XRT has a moderate spectral resolution and no single observation of it has an exposure of more than 2 ks, therefore observations close in time and having similar count rates are combined into 6 groups in order to increase the statistical significance of the resulting spectra. The spectra are binned with a minimum of 5 counts per bin, and C statistic (cstat) is used in xspec. The spectra are fitted simply with a photoelectric absorption × power law (phabs*powerlaw) model. The 90% confidence ranges of the fit parameters are calculated with uncer command, and the flux of the entire model is calculated with the command cflux. The given model successfully fits the spectra, yet the spectral quality is inferior compared to RXTE-PCA data (see Figure 8 ). The evolution of the parameters are consistent those obtained using the analysis of RXTE-PCA data, but due to the amount of Swift-XRT data available, there are only 6 statistically modellable spectra within 100 days. The reduced chi-squared values of the fits are between 0.72 and 1.21. Results of spectral fitting of Swift-XRT observations are given in Table 3 . For RXTE-PCA spectral analysis, we first combine and fit all observations in 95441 set (74.4 ks) resulting in a single spectrum. While fitting, a systematic error of 0.5% is set. Among the different models, an absorbed power law with a high energy cutoff plus a Gaussian iron line fixed at 6.4 keV ( phabs*(cutoffpl+gauss) ) gives the most plausible results (see Figure 9 ).
Afterwards, the observations are fitted separately in order to investigate the evolution of the fit parameters over time. Subsequent short observations are combined before fitting when the exposure times are insufficient leading to 37 statistically modellable spectra. Most of the spectra are fitted with a cutoff model. However, as the count rates of the observations decrease, decreasing Table 3 ). signal-to-noise ratio deteriorates the spectral quality, causing difficulties in finding cutoff energies.
Therefore some spectra are fitted with a power law model without the cutoff model. Additionally, a 0.5% systematic error is set while fitting spectra of combined or long-duration observations. The evolution of the parameters are presented in Figure 10 .
In general, the models accurately fit the spectra: Only two spectra have χ 2 values exceeding 2.
Photon index values exhibit an inverse proportional relation with flux to a certain degree, after which photon index values stay relatively flat. This relation is shown in Figure 11 . High energy cutoff values are only obtained at the outburst stage, and are decreasing over time. At the pre-outburst stage and the tail of the outburst, statistically meaningful cutoff values cannot be found.
Especially in long observations, a bump around 10 keV is seen in fit residuals. This feature was mentioned by Coburn et al. (2002) and it was also observed in many accreting X-ray pulsars, not only in RXTE data but also Ginga and BeppoSAX data. Being always at around 10 keV, the feature is not considered to be a cyclotron line or another absorption feature, therefore it was concluded that it might be an innate feature common in accreting pulsars. Using NPEX model is considered
. RXTE PCA spectrum of the whole 95441 set (MJD 55540-55560, 74.4 ks) is best fitted with power law with a high energy cutoff plus a Gaussian iron line fixed at 6.4 keV.
as a possible workaround, nonetheless it is not completely successful at eliminating the feature and is not used as a final solution.
Pulse-phase-resolved spectra
We performed pulse-phase-resolved spectral analysis for the 3 observations conducted on 2010
December 11-12 (MJD 55541-55542) where the outburst is at its maximum, totaling 34.0 ks. A spin period of 503.62 s (1.9856 mHz) is used which is found from timing analysis. A total of 10 phase bins are used; as a result, spectrum of each phase bin has been obtained from about 3.4 ks of exposure, which is found to be sufficient for statistically meaningful analysis. The phase resolved spectra are fitted by an absorbed power law with a high energy cutoff plus a Gaussian iron line fixed at 6.4 keV.
The pulse phase dependence of the spectral parameters are presented in Figure 12 . The double peaked nature of the pulse profile is evident in phase dependent flux measurements. The neutral hydrogen column density n H does not have a significant variation with changing phase. The Figure 11 . The relation between photon indices and fluxes of RXTE PCA observations. keV emerges alongside the Kα line emission at 6.4 keV, resulting the aforementioned broadening (Serim et al. 2017) .
Energy Dependent Pulse Profiles
In addition to the pulse profile shown in the uppermost panel of Figure 12 , energy dependence of pulse profiles are also investigated (see Figure 13) .
Appearently, the pulse profile of MAXI J1409-619 do not exhibit strong energy dependence, however, the pulsed fraction alters in different bands.While it is most prominent in 8-13 keV energy range, it diminishes at higher energies, almost vanishing above 25 keV. 
SUMMARY AND DISCUSSION
Using RXTE-PCA and SWIFT-XRT observations of MAXI J1409-619, we perform timing and X-ray spectral analysis, probing new insights about the nature of this transient source.
After fitting pulse arrival times to a cubic polynomial, we have found that the corresponding residuals indicate a possible circular orbit with an orbital period of 14.9 (7) days. This orbital model has indicated a mass function of about 0.1M ⊙ implying that the orbital inclination angle should be very small. We have also provided an alternative interpretation of these residuals as the noise process due to random torque fluctuations which leads to a torque noise strength estimation of 1.3 × 10 −18 Hz s −2 which is on the same order with some wind accreting accretion powered pulsars in HMXB systems and some disc accreting accretion powered pulsars in LMXB systems.
We have considered the correlation between pulse frequency derivative and X-ray count rate (see Figure 4 ) as a consequence of disc accretion. Using standard accretion disc theory, we have estimated the inner disc radius and surface dipole magnetic field strength as about 4.8 × 10 8 cm and Figure 13 . Normalized energy-resolved pulse profiles of RXTE PCA observations in MJD 55541-55542.
2.9 × 10 11 Gauss respectively. Our magnetic field strength estimate is about one order smaller than the previous estimate of ≃ 3.8 × 10 12 Gauss obtained from cyclotron resonance spectral feature (Orlandini et al. 2012) QPOs with a very wide range of peak frequencies from 0.01 Hz to 0.4 Hz have been observed in many accretion powered pulsars (see Acuner et al. (2014) , İnam et al. (2004) and references therein). MAXI J1409-619 is unique, being the first source observed to have harmonics of its QPO feature (Dugair et al. 2013) . Currently, 4U 0115+63 together with MAXI J1409-619 are the only two accreting X-ray pulsars known to show QPO harmonics (Roy et al. 2019) .
QPOs have usually been interpreted either as the Keplerian frequency at the inner radius of the accretion disc (van der Klis et al. 1987) or the beat frequency of the Keplerian frequency at the inner radius of the accretion disc and the spin period of the neutron star (Lamb et al. 1985) .
As seen from Figure 6 , centroid frequencies of detected QPOs decrease from 0.2 Hz to 0.1 Hz consistently with decreasing X-ray flux while outburst flux decays. Since these frequencies are MAXI J1409-619 21 much greater than the spin frequency of the source, we can solely interpret them to be equal to the Keplerian frequencies at the inner radius of the accretion disc while the inner disk varies with decreasing X-ray flux and then the inner disk radius can be related to the QPO centroid frequency (ν QPO ) as
From Equation 12, our QPO frequencies indicate that the inner radius of the accretion disc moved outward from r 0 = 4.9 × 10 8 cm to r 0 = 7.8 × 10 8 cm as the outburst faded. This range of inner disk radii is on the same order with the one estimated using torque luminosity correlation (r 0 = 4.8 × 10 8 cm) thus is reasonably compatible with our magnetic field strength estimation of 2.9 × 10 11 Gauss.
From Figure 7 , pulsed fraction of the source is found to be correlated with the RXTE-PCA count rate of the source up to 200 counts/s corresponding to a 2-60 keV luminosity of about 5 × 10 37 ergs s −1 assuming a distance of 15 kpc. Beyond this luminosity level, pulsed fraction marginally decreases with increasing count rate. The correlation seen in lower count rates should be due to the increased efficiency of accretion with increasing mass accretion rate onto the magnetic poles resulting in a higher pulsed fraction as observed for the source XMMU J054134.7-682550 (Inam et al. 2009 ). On the other hand, for luminosities higher than ∼ 5 × 10 37 ergs s −1 , the marginal anti-correlation between count rate and pulsed fraction is similar to the case of a super-Eddington accretor ultra luminous X-ray source NGC7793 P13 (Walton et al. 2018) for which the presence of two emission components contributing (pulsed and non-pulsed) to total luminosity and the relative contribution from the pulsed component is lower at higher luminosities.
We have presented spectral analysis of Swift-XRT and RXTE-PCA observations of the source.
Temporal evolution of X-ray spectral parameters of the source using RXTE-PCA observations is given in Figure 10 . From Figure 11 , photon index doesn't vary significantly with RXTE-PCA flux except for the lowest X-ray fluxes (< 2 × 10 −10 ergs s −1 cm −2 corresponding to an upper limit of X-ray luminosity of about 5 × 10 36 ergs s −1 ) for which power law index is significantly higher indicating a softer spectrum.
From the phase resolved spectrum of the source (see Figure 12 ), we have also shown that phases with lower flux tend to have higher power law index (i.e. have softer spectra).
